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Summary 
Miniature postsynaptic currents (minis) in cultured ret- 
inal amacrine cells, as in other central neurons, show 
large variations in amplitude. To understand the origin 
of this variability, we have exploited a novel form of 
synapse in which pre- and postsynaptic receptors 
sample the same quantum of transmitter. At these syn- 
apses, mini amplitudes measured simultaneously in 
the 2 cells show a strong correlation, accounting for, 
on average, more than half of the variance in ampli- 
tude. Two pieces of evidence support the conclusion 
that variations in the amount of transmitter in differ- 
ent quanta underlie this correlation. First, diazepam, 
which enhances GABA binding, increases mini ampli- 
tude, implying therefore that transmitter concentra- 
tion is not saturating. Second, we show that amplitude 
distributions from all cells, even those with a small 
number of release sites, have the same shape, im- 
plying that most or all variance is intrinsic to each re- 
lease site. 
Introduction 
The amplitudes of miniature postsynaptic urrents (minis), 
the postsynaptic responses to single quanta of transmitter, 
show large variations within central neurons (Bekkers and 
Stevens, 1989; Edwards et al., 1990; Ropert et al., 1990; 
Malgaroli and Tsien, 1992; Manabe et al., 1992; Otis and 
Mody, 1992; Silver et al., 1992; Rekling, 1993; De Koninck 
and Mody, 1994; Tang et al., 1994; Wyllie et al., 1994; 
reviewed in Lisman and Harris, 1993; Stevens, 1993). Two 
kinds of models have been proposed to account for the 
variance in mini amplitude. In the first, variance in the mini 
distribution is generated mainly by variance intrinsic to 
single release sites, including single channel properties 
and variations in transmitter concentration produced from 
one quantum to the next. The second kind of model claims 
that the variance in the mini distribution is generated 
mainly by differences between release sites, including ca- 
ble filtering and different receptor numbers at different 
sites. Implicit in the first explanation is that amplitude vari- 
ance is a form of noise that will tend to degrade the perfor- 
mance of the nervous system. The second explanation 
is also compatible with variance as noise but allows the 
alternative possibility that mini sizes differ because of dif- 
ferent "weights" assigned to different release sites. 
The idea that variance in mini amplitude is generated 
by differences between release sites has gained consider- 
able support. Quantal analysis of release in hippocampal 
neurons has revealed that there is little or no quantal vari- 
ance (i.e., variance that increases with an increased num- 
ber of quanta released; Edwards et al., 1990; Larkman et 
al., 1991) in postsynaptic urrent amplitude. Additionally, 
in some cells the mini distribution itself seems to be quan- 
tized; the variance of the distribution as a whole is large, 
but the variance associated with each peak of the "sub- 
quantal" distribution is small (Edwards et al., 1990; Tang 
et al., 1994; reviewed in Stevens, 1993). Although other 
interpretations of subquantal peaks are possible (Kriebel 
and Gross, 1974; Erxleben and Kriebel, 1988), this result 
is consistent with a large variance between sites, coupled 
with uniformity in quantal responses at any particular site. 
Because of the stochastic nature of ligand binding and 
channel opening, this suggested uniformity in quantal re- 
sponses at any particular site would be difficult o achieve 
unless concentrations of transmitter in the synaptic cleft 
were high enough to ensure the reliable opening of every 
channel for every quantum, thereby making variations in 
the amount of transmitter eleased irrelevant (Edwards, 
1991). Recent estimates of synaptic glutamate concentra- 
tion following release support he hypothesis that transmit- 
ter concentration is high (near or above 1 mM at the peak; 
Clements et al., 1992), and support for receptor saturation 
comes from channel kinetic analysis, nonstationary fluctu- 
ation analysis, and pharmacological manipulations (De 
Koninck and Mody, 1994; Maconochie et al., 1994; Tang 
et al., 1994; Tong and Jahr, 1994a). 
In contrast o the results described above, some experi- 
mental evidence suggests that variance intrinsic to each 
site is high. The mini distribution of 1 or a few release sites 
studied in isolation, either in cells with few release sites 
(Gulyas et al., 1993) or by experimental manipulation (Bek- 
kers et al., 1990; Bekkers and Stevens, 1995; Liu and 
Tsien, 1995), has a high variance. Experiments with up- 
take blockers suggest that receptor saturation may not 
occur under physiological conditions (Tong and Jahr, 
1994b). Additionally, simulations have demonstrated that 
the coefficient of variation (CV) due to stochastic channel 
properties is at least 10o-20o ,  even if the concentration 
of transmitter is high, because even receptors that bind 
transmitter do not reach a probability of opening equal to 
1 (Faber et al., 1992). The conclusions of these studies 
suggest that variance intrinsic to a single release site can 
be high and that at least some of that variance must be 
generated by stochastic channel processes. 
Amacrine cells in culture, like hippocampal neurons 
(Vautrin et al., 1994), form a type of synaptic connection 
having both pre- and postsynaptic receptors, for which 
we suggest the name "dinapse." Because dinapses have 
receptors on 2 separate cells with which to detect transmit- 
ter release, they offer the possibility of separating mini 
variance generated by a variable transmitter elease pro- 
cess (e.g., different vesicle sizes) from other forms of vari- 
ance (e.g., stochastic channel properties). We find that 
the majority of variance in mini amplitude at dinapses is 
correlated between the 2 reception sites at a dinapse, sug- 
Neuron 
886 
gesting that variations in the transmitter released per 
quantum generate the amplitude distributions observed. 
Results 
Mini Amplitude Distributions 
In this study, we have examined minis in 94 isolated single 
amacrine cells and 22 isolated pairs of amacrine cells. 
Isolated single amacrine cells in culture formed GABAAer- 
gic autapses, and isolated pairs of cells formed, in addi- 
tion, synapses (Gleason et al., 1993, 1994) and, more 
rarely, dinapses. Autapses, synapses, and dinapses were 
qualitatively similar in their characteristics; all exhibited 
calcium-dependent minis and multiquantal release, and 
in all cases the minis generated represent the opening 
of, on average, 10-20 GABAA channels with a presumed 
conductance of 30 pS (Macdonald and Olsen, 1994). Simi- 
lar to synaptic minis (Gleason et al., 1993), autaptic minis 
under our experimental conditions had average peak am- 
plitudes between 10 and 40 pA. The average rise time 
was 2.12 _+ 0.33 ms in the 8 cells in which rise time was 
carefully examined. The decay of autaptic minis showed 
considerable cell-cell variability and could not always be 
described by a single exponential. The time to 50% decay 
of averaged minis was 10.5 _+ 3.5 ms (n = 8). Autapses 
and synapses were always observed to coexist in the same 
cell pair, and we believe that dinapses, which were ob- 
served in less than half of the cell pairs examined, are a 
conjunction of autapses and synapses at the same site. 
As described below, the standardized mini amplitude dis- 
tributions at autapses, synapses, and dinapses are indis- 
tinguishable, and for this reason we consider it likely that 
the sources of variance are identical among these three 
types of synaptic connections. Results from all three types 
of connections are presented below and will be considered 
together. 
Minis in both post- and presynaptic cells were evoked 
by continuous depolarization of the presynaptic ell to po- 
tentials between -60 and -40 mV. In all cells, highly vari- 
able mini amplitudes were observed. In the 28 cells where 
mini amplitudes were measured, all synaptic configura- 
tions gave rise to mini amplitude distributions with a large 
variance and a positive skew (Figure 1A), qualitatively sim- 
ilar to those observed in other cell types. Amplitude distri- 
butions in some cells (e.g., see Figure 3A) were, like those 
described elsewhere (Edwards et al., 1990), not com- 
pletely smooth. Two points suggest that this was the result 
of sampling error rather than a reflection of an underlying 
structure to the distribution. First, distributions from those 
cells providing the largest number of minis were smooth- 
est. Second, as described later, even lumpy distributions 
were not statistically different from a smooth distribution. 
Mean mini amplitudes in all cells appeared to be stationary 
over the course of recording, and in the 5 cells where 
running averages of mini amplitude were carefully exam- 
ined, this qualitative observation was confirmed (Figure 
1B). In all cells, mini release appeared to be random with 
respect to time. Consistent with this hypothesis, intervals 
between minis were exponentially distributed in the 4 cells 
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Figure 1. Properties of Whole-Cell Mini Amplitude Distributions 
(A) The mini current peak amplitude distribution i an isolated autaptic 
ceil. The cumulative relative frequency (line), a binning-independent 
method of viewing the mini distribution, is shown on top of the histo- 
gram of mini amplitudes (bars). The largest events are up to 7 times 
the mode amplitude, but the data is not obviously multimodal, despite 
a relatively small binning interval and large sample size (n = 896). 
(B) A running average of mini amplitudes from (A). The average ampli- 
tude stays relatively constant over the course of recording, indicating 
that the distribution seen is not due, for example, to rundown of mini 
amplitudes over time. In a simple statistical nalysis, it can be shown 
that event size is independent ofthe size of the preceding event (un- 
published ata). 
(C) Intervals between minis are well described by a single exponential. 
This is consistent with random mini release with respect o time. 
where they were examined (Figure 1C). Mini frequencies 
were typically between 1 and 5 Hz in different cells (see 
Experimental Procedures), and minis could be resolved 
as separate events if the peaks were separated by more 
than -2  ms. With these detection parameters, <1% of 
the observed events represent 2 or more minis occurring 
unresolvably close together in time. 
Dinaptic Minis Are Correlated in Amplitude 
In observing isolated amacrine cell pairs, it could fre- 
quently be seen that some minis occurred simultaneously 
in both pre- and postsynaptic ells (Figure 2A). We classify 
events as simultaneous if they reach peak amplitude 
within 1 ms of each other (see Experimental Procedures). 
The coincidence of these minis is far too frequent to be 
accounted for by chance. Given the release frequencies 
described above, the probability of seeing the number of 
coincidences hown in Figure 2B by chance is about 1 0 -94. 
Simultaneous minis occurred in the absence of electrical 
coupling as assessed by the absence of ohmic current in 
1 cell generated by a change in voltage in the other, and 
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Figure 2. Dinaptic Amplitudes Are Correlated 
(A) Events recorded in a presynaptic ell (upper trace) and a postsynap- 
tic cell (lower trace) show synaptic and autaptic events (unlabeled), 
as well as the simultaneous events that we refer to as dinaptic (dotted 
lines). The holding voltages of the cells shown here were -45 mV 
(presynaptic) and -70 mV (postsynaptic). The different holding poten- 
tials likely account for the different noise levels in the 2 cells. 
(B) Dinaptic events in a representative cell have highly correlated pre- 
and postdinaptic amplitudes. Note that the regression passes through 
0 on both axes simultaneously, although it has not been constrained 
to do so. Although the slope here is >1, in other cells it is <1 and 
seems to be randomly distributed (data not shown). 
(C) In a different cell pair, residual error in the predinaptic ell is distrib- 
uted normally. Residual error is determined by subtracting the ob- 
served predinaptic amplitude from the amplitude predicted by the lin- 
ear regression equation. 
(D) Summary of the variance sources in the dinaptic cells examined. 
The regression between the pre- and postdinaptic mini amplitudes 
(see text; open bars) accounts for more than 50% of the variance, 
noise makes up about 5%, and the remainder is unidentified. The 
estimated regression between dinaptic mini amplitude and neurotrans- 
mitter concentration (closed bars) accounts for about 75% of the vari- 
ance, noise makes up about 5%, and the remainder is unidentified. 
the simplest explanation for the temporal coincidence of 
these minis is that both pre- and postsynaptic cells have 
receptors that simultaneously detect the same quantum 
of transmitter (Vautrin et al., 1994). 
In all 5 cell pairs examined, predinaptic mini amplitude 
was correlated with postdinaptic mini amplitude, and to 
interpret this correlation, we resort to a regression analy- 
sis. The regression, the equation describing the correla- 
tion between the pre- and postdinaptic mini amplitude, 
provides an extremely useful method for separating vari- 
ance sources in mini amplitude at 1 of those sites. For 
convenience and consistency, we will consider the origin 
of mini variance seen at the predinaptic ell, though similar 
arguments apply to the postdinaptic cell. The total vari- 
ance in predinaptic mini amplitude can be explained in 
terms of two separate components: variance that is gener- 
ated by the regression relating pre- and postdinaptic mini 
amplitude, given variable postdinaPtic mini amplitudes 
(variance due to the regression), and variance due to sta~ 
tistical errors that cause the predinaptic mini amplitude to 
deviate from the value predicted by the regression with 
postdinaptic mini amplitude (residual variance). We distin- 
guish here between error and variance; error is the devia- 
tion of a single event from its value predicted by the regres- 
sion, whereas variance is the average value of squared 
error for a population of events. The variance due to the 
regression can be empirically measured, and in the lim- 
iting case where all variance in predinaptic mini amplitude 
is due to the regression with postdinaptic mini amplitude, 
knowledge of the regression and the postdinaptic mini am- 
plitudes is all that is required to reconstruct he predinaptic 
mini amplitude distribution. Under these circumstances, 
there is no statistical error in predinaptic mini amplitude, 
even if there is a large variance in predinaptic mini ampli- 
tude. Clearly, then, the fraction of total variance that is 
due to the regression is of great importance. By definition, 
this fraction is equal to the square of the correlation coeffi- 
cient, r (Edwards, 1984). 
Figure 2B shows a representative cell in which an uncon- 
strained linear regression was generated between the two 
dinaptic components. The correlation with postdinaptic 
amplitude accounts, on average, for about half of the 
observed variance in predinaptic mini amplitude (r 2 = 
0.55 _+ 0.07; n = 5 cell pairs). The residual error is distrib- 
uted normally (Figure 2C). This residual error will likely be 
due to several sources, including baseline current noise 
in each cell and stochastic GABAA channel properties in 
each cell. For our purposes, there will be two types of 
residual errors at each cell: error due to baseline current 
noise, which we can measure, and error due to all the 
other sources of residual variance, which we cannot mea- 
sure and will refer to as unidentified error. When measured 
in 8 cells, noise had a variance of roughly 4 pA 2, -3% 
of the total variance in mini amplitude. The fraction of total 
variance that remains unidentified is that remaining after 
variance due to the regression between mini amplitudes 
and variance due to noise have been removed. Figure 2D 
summarizes the relative amounts of each type of variance 
described (open bars). 
In the discussion above, we have treated predinaptic 
mini amplitude as a variable dependent on postdinaptic 
mini amplitude. The regression between pre- and postdi- 
naptic amplitude is unlikely to represent the dependence 
of one of these variables on the other; rather, they are 
probably both dependent on a third independent variable, 
transmitter concentration, which we cannot measure di- 
rectly. The correlation between this third variable and mini 
amplitude is stronger than is apparent from the correlation 
between the 2 mini amplitudes, and aswe will show, trans- 
mitter concentration likely accounts for about 74% of the 
variance in mini amplitude. First, however, we consider 
the evidence that transmitter concentration constitutes 
this third variable. 
Since the amount of transmitter eleased is the only vari- 
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able necessarily sampled by both pre- and postdinaptic 
reception sites, it is the most obvious candidate for inde- 
pendent variable. An alternative xplanation, however, is 
that a quantum of transmitter always saturates both 
groups of receptors and that the correlation in mini ampli- 
tudes is due to a correlation in the number of pre- and 
postdinaptic receptors at any given dinapse, brought 
about by an unknown cue during dinaptogenesis. We now 
present evidence against receptor saturation and in favor 
of mini variability at a single site. 
Transmitter Release Does Not Saturate 
Autaptic Receptors 
Recent papers have pointed out the utility of pharmacolog- 
ical approaches in testing the hypothesis that transmitter 
is saturating during release of a quantum (Otis and Mody, 
1992; Samson and Harris, 1992; De Koninck and Mody, 
1994). Diazepam, a benzodiazepine receptor agonist, is 
thought to increase the binding affinity of the GABAA re- 
ceptor for GABA (Study and Barker, 1981; Hattori et al., 
1986; Yakushiji et al., 1989; Rogers et al., 1994). In the 
event that the released transmitter saturates its receptors, 
an increase in binding affinity will have no effect on mini 
amplitude. If, on the other hand, transmitter concentra- 
tions are subsaturating, then an increase in binding affinity 
should, in most circumstances, increase the amplitude of 
minis. 
In 5 of 6 cells examined, 3 p.M diazepam caused a sig- 
nificant (p < .05) increase in autaptic mini amplitude 
(125% + 6% of control/wash values, mean_+ SEM;Fig- 
ure 3A). This effect was reversible (data not shown; n = 
3). Diazepam also increased the amplitude of the mean 
mini and caused a small but consistent prolongation of 
the decay phase, possibly owing to a small increase in 
mean open time (n = 3; Figure 3B). The absence of recep- 
tor saturation is consistent with a dependence of mini am- 
plitude on transmitter concentration. 
Mini Distributions Are Identical When Standardized 
To determine whether mini variability is chiefly within or 
between release sites, we have examined the mini distri- 
butions obtained from different cells. We reason that when 
cells contain a small number of release sites, as is the 
case for amacrine cells in culture (the median number of 
release sites is -9;  Borges et al., 1995), then variance in 
amplitude occurring between sites will prevent mini distri- 
butions from different cells from having the same shape. 
The reason for this is simply that, if each site produces a 
fixed size of mini, different cells would be expected to have 
unique amplitude distributions as a consequence of their 
unique set of possible mini sizes. If, in contrast to this, 
variance in amplitude occurred within sites, the shape of 
the mini amplitude distribution should be independent of 
the number of release sites and should fit the same statisti- 
cal distribution in all cells. 
With the idea in mind that variance between sites will 
manifest itself in our cells as differences in the shapes of 
mini distributions between cells, we examined our mini 
distributions for differences. Different cells have different 
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Figure 3. The Effects of Diazepam on Mini Amplitude and Time 
Course at Autapses 
(A) Cumulative relative frequencies of minis in control and diazepam 
show that minis in diazepam are significantly larger than those in con- 
trol solutions. The effects of diazepam are readily reversible. 
(B) Diazepam (3 pM) increases averaged mini amplitude over control 
values. Inset, normalized values showing that diazepam causes a 
small increase in time decay time. In all cells where averaged minis 
were generated, a minimum of 30 minis were averaged together. 
mean mini amplitudes (Figure 4A), and this is true whether 
only one type of synaptic connection is compared between 
cells or, as in Figure 4A, different types of connections 
are compared between cells. In principle, this might imply 
that different cells have mini distributions with different 
shapes, as expected if variance in mini amplitude occurs 
between sites; however, an alternative possibility is that 
the shape of the mini distribution is unchanged, but the 
mini distributions appear to be different because, for ex- 
ample, the position of the distribution along the axis of 
amplitude is shifted. This alternative xplanation predicts 
that all mini amplitude distributions could be described by 
a single template distribution with parameters adjusted to 
different values in different cells. Examples of parameters 
that might be different from one cell to the next and that 
could have large effects on mini amplitude with small ef- 
fects on the distribution shape include postsynaptic recep- 
tor density (assumed to be uniform for each cell) and vesi- 
cle diameter. 
The case for this second explanation would be strength- 
ened if we could find a parametric adjustment hat would 
allow distributions from all cells to fall on a standard curve. 
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Figure 4. ACommon Underlying Mechanism Generates Mini Distribu- 
tions in All Cells 
(A) The mini distributions of each of the four types of synaptic connec- 
tions, each representing quanta released from different cells, are pre- 
sented. These distributions, all significantly different from each other, 
are (left to right): autaptic (n = 896), synaptic (n = 609), predinaptic 
(n = 114), and postdinaptic (n = 72). 
(B) After standardizing the distributions (mean = 0, SD = 1), the same 
4 cells show no statistically significant differences. Note that all of the 
distributions intercept he axis of standardized conductance at - 1 SD 
below the mean; for comparison, a Gaussian curve has a cumulative 
relative frequency of 0.16 at the same point. 
(C) The standardized mini distribution generated by pooling the stan- 
dardized minis from 14 cells (n = 3364 events) is not significantly 
different (p > .2) from the sixth power Gaussian generated from a 
Gaussian with a 12.5% coefficient of variation (CV). There are two 
curves here, but because the maximum deviation of the cumulative 
data from the theoretical curve is only about 1%, they are hard to 
resolve by eye. 
in fact, a very simple procedure is sufficient to do this. 
Significantly different mini distributions from 4 cells (Figure 
4A) are indistinguishable when standardized by sub- 
tracting the mean and normalizing to an SD of 1 (Figure 
4B). This procedure allows a comparison between the 
shapes of distributions and is most commonly used to test 
distributions for normality (generation of a standard normal 
variable, z; Sachs, 1982), but its application here is equally 
valid. Of 14 distributions of synaptic, autaptic, and dinaptic 
minis standardized in this way, 13 had no significant differ- 
ence from the average distribution (p > .1). This result is 
only compatible with a large variance between sites if ev- 
ery cell has enough release sites to reproduce accurately 
a standardized istribution of receptor number per release 
site. In these cells, this is unlikely to be true (the median 
number of release sites is estimated at -9  and can be 
as low as 2; Borges et al., 1995). We also note that the 
similarity among autaptic, synaptic, and dinaptic standard- 
ized distributions makes it unlikely that the sou{ces of mini 
amplitude variance differ between these different types of 
neuronal connections. 
Dinaptic Mini Variance Due to Transmitter 
Concentration Is Underestimated 
The correlation between mini amplitudes at dinapses (see 
Figure 2B) only indirectly allows an estimate of the relation- 
ship between mini amplitude at either reception site and 
transmitter concentration. This is because pre- and postdi- 
naptic minis both have their own intrinsic and uncorrelated 
sources of variability, with the result that the correlation 
between these two dependent variables is weaker than 
the correlation between either one of them and the inde- 
pendent variable, transmitter concentration (Riska, 1991 ). 
The observed relationship between mini ampiitudes pre- 
and postdinaptically, then, is less useful in understanding 
the sources of variance in mini amplitude than the relation- 
ship between transmitter concentration and mini ampli- 
tude at either reception site. Assuming that the pre- and 
postdinaptic sou rces of statistical error are in dependent of 
each other, the measured correlation coefficient between 
mini amplitudes (r2M, N,, using as notations M' for the mini 
amplitude at one reception site and N' for the mini ampli- 
tude at the other reception site) is the product of the corre- 
lation coefficients relating mini amplitude to transmitter 
concentration at each cell (r~TI,M', r~T],,', using [NT] as nota- 
tion for transmitter concentration; Dunn and Clark, 1974 
[equation 11.30]). Given only r2M,,N,, we cannot unambigu- 
2 ously determine the values of r~NTI,M' or r[NT],N,. TO obtain 
these values, we must also consider the nature of residual 
error at each cell. 
The residual error is the sum of two types of errors: error 
due to baseline current noise and error due to unidentified 
sources. By definition, we cannot measure the unidentified 
error, but we make the reasonable assumption that the 
percentage of total variance due to unidentified variance 
will be the same for the predinaptic elt and the postdinap- 
tic cell. By making this parsimonious assumption, we can 
derive, given the relationships defined above, an equation 
giving r~T1,M' in terms of the variance due to noise, the 
unidentified variance, and the variance explained by the 
regression between mini amplitudes: 
r'~TI'M' = 1 - - (  nM-~2-(nM+nN)-~/4r''N'+(nM-nN)2-)2 , (1) 
where nM and nN are the variance due to noise in the cells 
making the M' and N' minis, respectively, divided by the 
total variance in mini amplitude for that cell. Solving for 
rl~T],M,, we find that the correlation between transmitter con- 
centration and mini amplitude accounts for, on average, 
74O/o of the total variance (r~NTI,M' = 0.738 _ 0.046). The 
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remaining 26% is due to noise (3o) and unidentified error 
(23%), as summarized in F!gure 2D (closed bars). 
Stochastic Channel Properties Make a Limited 
Contribution to Mini Amplitude variance 
If variations in transmitter concentration account for 74% 
of the variance in mini amplitude, and 3% of the mini vari- 
ance is due to identifiable noise, the remaining 23% must 
be due to other sources of variance. We cannot identify 
these other sources of variance with certainty, but there 
are two obvious possible contributors to consider. The first 
is stochastic channel properties, and the second is differ- 
ences in mini amplitude between sites, due to cable filter- 
ing or differences in receptor number between sites. We 
first consider the contribution of stochastic channel prop- 
erties to the unidentified variance in mini amplitude. 
We can view m inis as trials of a binomial process charac- 
terized by a mean number of channels opened at the peak 
and a probability of each channel being open at the peak 
of the mini (Ppo). To determine how much variance in mini 
amplitude could be due to channel properties, we have 
considered the relationship between the CV (SD/mean) 
and the mean for a binomial process. The predicted rela- 
tionship between the CV due to channel properties and 
mean mini conductance is plotted in Figure 5A for low 
probabilities of opening. The CV is related to mean peak 
mini conductance, G, by the expression: 
CV = g~g~g~g~TG, (2) 
where g is the single channel conductance of synaptic 
GABAA receptors, which we cannot measure but is pre- 
sumably between 15 and 30 pS (Macdonald and Olsen, 
1994). It is clear that, as expected, our mini amplitude 
distributions (Figure 5A, open circles) have a higher CV 
than could be generated by stochastic channel properties 
alone, even at low values for ppo and high single channel 
conductances. To determine whether stochastic channel 
properties could generate enough variance to account en- 
tirely for the estimated unidentified variance, we define a 
new term, the coefficient of unidentified variance (CUV), 
which relates the unidentified variance to the mean mini 
conductance by the equation: 
CUV = ,/unidentified variance ~/[1 - (r~NT].M' + nM)]a2m (3) 
G G 
where O2r, is the total variance in mini amplitude. The CUV 
is the CV of the mini amplitude distribution in the absence 
of variations due to transmitter concentration or noise. If 
stochastic channel properties are the only source of un- 
identified variance, the CUV should be less than or equal 
to the CV of stochastic channel properties at low ppo, as 
plotted in Figure 5A. 
In 9 of the 10 dinaptic mini distributions examined, the 
CUVs (Figure 5A, closed, circles) were in the range of val- 
ues expected if the unidentified variance is due only to 
stochastic channel properties and ppo for each receptor is 
low. This result implies that, although other sources of 
variance may exist, stochastic channel properties are suf- 
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Figure 5. The Effects of Channel Qpening and Closing on Autaptic 
Mini Amplitude 
(A) The relationship between CV and mean mini conductance is shown 
for whole-cell mini distributions (open circles). The two lines represent 
the theoretical relationship between CV and mean conductance for a 
probability of being open near 0, assuming single channel conduc- 
tances of 15 pS (lower line) and 30 pS (upper line). The estimated 
relationship between the coefficient of unidentified variance (CUV; the 
SD due only to unidentified variance, as defined in the text, over mean 
mini amplitude) and mean mini conductance for dinaptic cells is also 
shown (closed circles). 
(8) The averaged mini in control and 250 #.M phenobarbital have the 
same amplitude, implying that GABAA channel closings before the 
peak of the mini are uncommon. As expected, phenobarbital consider- 
ably prolongs the decay of the mini. Responses have not been normal- 
ized (control, n = 34; phenobarbital, n = 43). 
(C) Cumulative relative frequencies of minis in control and phenobarbi- 
tal-containing solutions show no significant difference in mini ampli- 
tude between the two conditions. 
ficient to generate enough variance to account for essen- 
tially all of the unidentified variance if ppo is low. 
A binomial model for transmitter eception as we have 
applied it here requires a single value for Ppo for all minis 
in the distribution. In the event that this parameter is not 
uniform for all minis, the relationship described above will 
be in error. However, the CV generated by nonuniform 
probabilities of opening will not be greater than those pre- 
dicted when ppo uniformly approximates 0, so the theoreti- 
cal lines drawn shouldbe considered the maximum extent 
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Figure 6. Simulations of Dendritic Cable Properties 
(A) The attenuation of signal injected at the tip of a dendrite 60 ~m 
in length when recorded at the cell body. The different curves show 
that the rise time is highly dependent on dendrite radius, although 
the peak amplitude is largely unaffected, The signal injected has an 
instantaneous rise and exponential decay (time constant for decay is 
10 ms). 
(B) The effects of position of the injection site on the recorded peak 
current assuming a dendrite radius of 250 nm. 
(C) A comparison of a measured mini distribution (solid line), a 
Gaussian distribution simulating noise alone (closed circles; SD = 
1.5 pA), and the distribution expected if noise and random placement 
of release sites on the cell surface (dotted line) were the only sources 
of variance in mini amplitude. All distributions were normalized to the 
same mean value for purposes of comparison. 
to which channel properties could contribute to the CV in 
our cells, roughly 20%-25% of the total variance for large 
mean mini conductances. 
Although the estimated unidentified variance is consis- 
tent with a low ppo, we note that a low probability of being 
open at the peak is not necessarily equivalent o a low 
probability of opening, unless there are no channel clos- 
ings before the peak. We have therefore assessed the 
effects of channel closing before the peak by application 
of phenobarbital, which increases GABAA receptor mean 
channel open time (Barker and McBurney, 1979; Study 
and Barker, 1981 ; Macdonald et al., 1989). If channel clos- 
ing before the peak were common, then phenobarbital 
should increase mini amplitude. As seen in Figures 5B 
and 5C, 250 I~M phenobarbital had no significant effect 
on autaptic mini amplitude (108% + 5% of control/wash 
values, mean _+ SEM; n = 3). Consistent with its reported 
effects, however, it increased the time constant for decay 
(n = 3; Figure 5B). Because the probability of channel 
closing before the peak of the mini appears to be low, the 
probability that a channel will be open during the peak is 
determined mainly by the probability of channel opening 
before the peak. This means that, if ppo is in fact low, the 
probability of channel opening must also be low. 
Cable Filtering Generates Little Variability in 
Quantal Amplitude 
A final source of unidentified variance that we have consid- 
ered is that generated by cable filtering. Variance in mini 
amplitude will be generated by unequal filtering at spatially 
separate release sites. To address this sou rce of variance, 
we generated an 11 compartment model of a dendrite and 
cell body. Using the empirically measured average input 
resistance of 2.5 GQ (n = 6) and a dendrite length of 60 
ilm (n = 17), we computed the cable filtering expected 
for injection of a current with an instantaneous rise and 
an exponential decay at locations ranging from the den- 
drite tip (Figure 6A) to the cell body. The peak amplitude 
of filtered minis varies by no more than 8% over the entire 
length of the dendrite (Figure 6B), even when dendrite 
radius is assumed to be 250 nm. For comparison, our 
average measured dendrite diameter was 1.1 _+ 0.1 I~m 
(n = 24). 
To estimate the variance due to cable filtering alone, 
we modeled a cell with three dendrites of equal dimensions 
(60 I~m length, 250 nm radius) and 20 release sites distrib- 
uted randomly over the surface of the cell. With these 
dimensions, half of the release sites are on the cell body 
and half are on the dendrites, a condition that maximizes 
variance due to cable filtering. To see whether the variance 
in the mini distribution could be accounted for by noise 
and cable filtering, we then compared the cumulative rela- 
tive frequencies of a measured mini distribution with a 
Gaussian distribution having an SD of 1.5 pA (simulating 
noise in our measurements) and also with noise plus vari- 
ability generated by cable properties. All distributions were 
normalized to the same mean value. Figure 6C shows that 
there is little difference between the distribution generated 
by noise alone and that generated by noise plus variability 
generated by cable properties, but neither distribution re- 
sembles the actual mini distribution observed. We con- 
clude that the contribution of cable filtering to mini ampli- 
tude variance is negligible. 
A Normal Distribution of Vesicle Diameters 
Can Explain the Shape of the Mini 
Amplitude Distribution 
Our finding that mini distributions from different cells 
closely resemble each other when standardized, coupled 
with our inference that variations in transmitter concentra- 
tion underlie mini amplitude variance, has prompted us 
to find a physical explanation for the characteristic shape 
of amplitude distributions (see Figure 4). As in previous 
interpretation of this distribution (Bekkers et al., 1990), we 
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start with the assumption that synaptic vesicles are all 
filled with the same concentration of transmitter but, as 
observed (Palay and Chan-Palay, 1974; Bekkers et al., 
1990), show a Gaussian distribution of diameters. Since 
the volume contained within a single vesicle is proportional 
to the third power of the diameter, the overall distribution 
of volumes ought to resemble a cubed Gaussian (see Pa- 
poulis, 1965 [equations 5 and 6] and Bekkers et al., 1990 
[equation 1]). Bekkers et al. (1990) report a reasonable 
agreement between this function and the distribution of 
hippocampal glutamate minis, but the fit to our data is 
poor. Since two molecules of GABA are probably required 
to open a channel, we might instead expect the square 
of vesicle volume to be proportional to mini amplitude if 
the transmitter concentration in the synaptic cleft is at the 
foot of its dose-response curve, in which case the ampli- 
tude distribution should resemble a Gaussian raised to 
the sixth power. 
Because all cells seem to have the same standardized 
mini distribution, we have pooled 14 standardized mini 
distributions and compared the pooled data with a sixth 
power Gaussian. This fit is very good (see Figure 4C); 
moreover, 12 of the 14 distributions used to compose this 
pool were not significantly different from the sixth power 
Gaussian when examined individually. The maximum dif- 
ference between the sixth power Gaussian and the ob- 
served standardized mini distributions from individual 
cells was inversely related to the number of minis recorded 
at each cell, as expected if the difference was due to sam- 
pling error. 
Discussion 
Independent Samples of the Same Quantum 
Are Highly Correlated in Amplitude 
Dinapses present a unique opportunity to assess the de- 
gree of correlation between two independent samples of 
the same quantum of transmitter. We have shown that 
pre- and postdinaptic minis are correlated in their ampli- 
tudes, with a large fraction of the variance observed in 
the mini amplitude distribution of one cell accounted for 
by the regression with the other. The simplest explanation 
for this regression is that transmitter concentration is the 
variable on which both mini amplitudes depend and that 
quantum to quantum variations in the amount of transmit- 
ter released are therefore chiefly responsible for the distri- 
bution of mini sizes. Residual variance, representing the 
fraction of amplitude variation that could not be due to this 
source, accounts for - 26% of the observed mini variance, 
about a tenth of which is due to baseline current noise. 
There Is Little Variance between Release Sites 
in Mini Amplitude Distributions 
Our conclusion that mini amplitude varies as a function of 
transmitter concentration runs contrary to the hypothesis 
that variance in mini amplitude is primarily due to differ- 
ences between release sites but is consistent with obser- 
vations from cultured hippocampal neurons (Bekkers et 
al., 1990; Bekkers and Stevens, 1995; Liu and Tsien, 
1995). In the absence of a direct measure of the variance 
in mini amplitude at a single release site in our amacrine 
cells, we cannot exclude the possibility that the correlation 
in mini amplitude is caused by a correlation in receptor 
number between the pre- and postdinaptic receptor sites 
at different dinapses on the same cell, but we can evaluate 
the plausibility of this alternative xplanation for our results 
by considering more carefully our observation that all mini 
distributions have the same shape. 
The presence of a single standardized mini distribution 
would require all cells to have enough release sites to 
reproduce accurately a generally applicable distribution 
of numbers of receptors per release site. In cells where 
the number of release sites is small, this distribution would 
necessarily be inaccurately sampled. Even in the improba- 
ble case that the different release sites had average mini 
sizes sufficiently close that they could not be resolved as 
separate modes in a whole-cell mini distribution, different 
cells would have detectably different distributions with un- 
avoidable differences in the magnitude and direction of 
skew in mini distribution. The number of release sites on 
our amacrine cells is small (with a median of -9 ;  Borges 
et al., 1995), but 13 of 14 mini distributions have the same 
shape. This observation is damaging to the argument hat 
variance occurs between sites, but we consider a subset 
of our data that is even more difficult to reconcile with 
variance between sites. Dinaptic minis can be isolated 
from other minis by virtue of their simultaneous pre- and 
postdinaptic components. Dinaptic minis represent far 
less than half of all minis recorded in a given cell (25% 
at most; unpublished data), so assuming that all release 
sites have identical release frequencies, we estimate that 
on average only 2 dinaptic release sites occur on those 
cells that have dinapses. If variance in mini amplitude is 
generated by differences between release sites, a mini 
distribution made up of only 2 release sites does not have 
any skew if the release frequencies of minis are identical; 
however, none of the 4 standardized inaptic distributions 
tested were significantly different from the average, highly 
skewed, standardized distribution measured. The pres- 
ence of a single, skewed, standardized istribution in the 
absence of a large number of release sites makes it un- 
likely that the variance in the mini distribution is due to 
differences between release sites. 
The Probability of Channel Opening Is Low 
during Release 
A necessary corollary of the idea that transmitter concen- 
tration is the primary determinant of mini amplitude is that 
the concentration of transmitter eleased cannot be satu- 
rating, as it is thought to be at other synapses (Edwards 
et al., 1990; Otis and Mody, 1992; De Koninck and Mody, 
1994; Maconochie et al., 1994; Tang et al., 1994; Tong 
and Jahr, 1994a). If the variance in mini amplitude occurs 
within single release sites, then the mini amplitude distri- 
bution is a rough approximation of the distribution of ppo, 
assuming that every release site has the same number of 
receptors. Even assuming that the largest minis saturate 
postsynaptic receptors, the majority of minis have less 
than half the maximum amplitude, indicating that the p~o 
of these minis must therefore be <0.5. 
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Experimental.support for the hypothesis that ppo is low 
comes from our experiments with diazepam. Diazepam 
increases mini amplitude, implying that an increase in 
GABA binding affinity is associated with an increase in 
mini amplitude, a result incompatible with receptor satu- 
ration. 
Stochastic Channel Opening and Closing Accounts 
for Little of the Observed Mini Variance 
The contribution of stochastic channel properties to total 
variance will be near its theoretical maximum in mini distri- 
butions like the ones we observe, where each quantum 
opens only a few channels (Faber et al., 1992). However, 
a simple consideration of the binomial characteristics of 
channel opening indicates that stochastic channel proper- 
ties can account for no more than about 20% of the total 
variance in peak amplitude we observe, even assuming 
low probabil it ies of each channel being open. The maximal 
value for variance due to channel properties is close to the 
value for unidentified variance at dinapses if the reception 
sites have equal error components, raising the intriguing 
possibility that channel properties could be sufficient to 
explain all of the unidentified variance in the event that 
the probability of channel opening is low. 
The Mini Amplitude Distribution Is Described 
by a Sixth Power Gaussian 
The mini distributions at autapses, synapses, and di- 
napses in our cells are all described by the same underly- 
ing standardized distribution, indicating that the mecha- 
nism that generates the distinctive shape of the mini 
distribution is the same for the three types of synaptic 
connections. Assuming that vesicular diameter is distrib- 
uted normally and the probability of channel opening is 
low, we would expect our distributions to follow a Gaussian 
raised to the sixth power. This fits our data well, but the 
shape of a power-transformed Gaussian is dependent on 
the CV of the Gaussian distribution from which it is derived. 
Our standardized mini amplitude distributions are de- 
scribed by a sixth power Gaussian only if the pretransfor- 
mation Gaussian has a CV of - 12%, so we would predict 
that this value rep resents the CV of synaptic vesicle diame- 
ter. Although we have not measured synaptic vesicle diam- 
eters in cultured amacrine cells, synaptic vesicle diame- 
ters have a CV of 11% in cultured hippocampal neurons 
(Bekkers et al., 1990) and a CV of 13% in the cerebellum 
(Palay and Chan-Palay, 1974). The close correspondence 
of the predicted and observed CVs confirms the plausibility 
of a normal distribution of vesicle diameter as the primary 
source of variance in mini amplitude. 
Experimental Procedures 
Cell Culture and Electrophysiology 
Low density cell cultures were generated from dissociated retinae of 
embryonic day 8 chick embryos by methods described previously 
(Gleason et al., 1993, 1994). Cells were identified and used after 
7-10 days in culture. Single, isolated amacrine cells and isolated pairs 
of amacrine cells were identified on the basis of morphology (see Glea- 
son et al., 1993). Cells with long processes (>60 p.m) were not used 
so as to avoid space clamp problems. To eliminate unwanted currents, 
cells were bathed in solutions containing sodium and potassium chan- 
nel blockers; solutions contained 64.5 mM CsCI, 75.5 mM Cs-meth- 
anesutfonate, 5.0 mM tetraethyl ammonium chloride, 1.0 mM CaCI2, 
2.0 mM MgCl~, 11.0 mM EGTA, and 10.0 mM HEPES (internal); and 
61.1 mM NMG, 61.1 mM Na-methanesuifonate, 20.0 mM tetraethyl 
ammonium chloride, 3.0 mM CaCI2, 0.41 mM MgCI2, 5.6 mM glucose, 
3.0 mM HEPES, and 300 nM tetrodotoxin (external). All solutions had 
a pH of 7.4 and osmolarity of -280 mOsm. Pharmacological agents 
were applied by bath perfusion. The reversal potential for all minis 
was always slightly positive to the calculated Ec,, indicating that chlo- 
ride was not the only ion passing through the open GABA-activated 
channels (unpublished data). 
Whole-ceil recording of cells and pairs of cells was made in both 
perforated- and ru ptured-patch configurations as described in Gleason 
et al., 1994, 1995. Ruptured-patch internal solutions had ATP (1 mM) 
and GTP (0.2 raM) added to them. In ruptured-patch recordings, clamp 
speed was higher and series resistance compensation could be used. 
There was no obvious change in mini amplitude or decay time between 
cells clamped with ruptured patch and those clamped with perforated 
patch, but the ruptured-patch configuration produced faster rise times 
on average (unpublished data). Measurements of rise time are there- 
fore only from cells clamped with the ruptured-patch configuration. All 
cells, except for those used in experiments with diazepam and some 
of the cells with dinapses, were voltage clamped in perforated-patch 
mode, because this technique prevents washout of the contents of 
the cell. Ruptured-patch mode was used only for the experiments with 
diazepam and for some dinapse experiments in which accurate resolu- 
tion of rise times was desired. 
The release rate of minis was the primary determinant of presynap- 
tic, predinaptic, or autaptic holding potential in ceils used for mini 
analysis. Since release rate is voltage dependent, holding potential 
was chosen to give a release frequency of roughly 1 Hz. In cell pair 
experiments, the postsynaptic ell was held at -70 mV to ensure a 
large driving force for GABA currents and also to prevent autaptic 
release from that cell. Currents from patch-clamp amplifiers (Axo- 
patch-lC and -1 D, Axon Instruments) were analog filtered (4-pole Bes- 
sel) generally at a corner frequency of 1-2 kHz and digitally sampled at 
a rate of 2-5 kHz during recording to disk (Axotape, Axon Instruments). 
Data Analysis 
Analysis of both miniature and multiquantal responses was done using 
in-house software and SigmaPIot (Jandel Scientific). Minis were de- 
tected by eye using a fast rise time and roughly exponential decay as 
criteria. Threshold for mini detection was generally - 3 pA, set by the 
current noise in the cell. Because analysis of mini amplitude distribu- 
tions requires accurate resolution of minis along the entire range of 
sizes, cells in which the distribution appeared to be resolution limited 
were excluded from this analysis. As a check against operator bias 
in selecting minis, an automated detection protocol (Cochran, 1993) 
was used in some cells. The two techniques gave similar mini ampli- 
tude distributions. Some cells showed a rundown of frequency that 
generated deviations from the exponential distribution of intervals be- 
tween events; these cells have been excluded from the interval anal- 
ysis. 
Once minis had been identified and amplitude distributions were 
constructed, statistical analyses were performed. The standard test 
used for comparison of 2 distributions was the Kolmogorov-Smirnov 
test and, unless otherwise stated, the test statistic was used at a = 
0.05. The amplitudes at dinapses were correlated by the Spearman 
rank test and simple linear regression. Unless otherwise stated, all 
statistics presented are mean _ SD. 
The linear regression analysis requires that the events studied be 
truly dinaptic and not random coincidences between synaptic and au- 
taptic minis; random coincidences will necessarily be uncorrelated in 
amplitude. To reduce the number of these contaminating coinci- 
dences, we classified dinaptic events as those with ~< 1ms lag between 
the peak amplitudes recorded from each cell. This still does not entirely 
prevent random coincidences, and we calculate that on average -2  
random coincidences will be seen in each of the 5 cell pairs examined. 
Some events (average of 1.6 per cell pair) in the cells studied did 
show abnormally large deviation from the regression of the rest of the 
dinaptic events so that, in some instances, removal of a single event 
improved r 2 by 5% or more. We consider it likely that these outlying 
events represent random coincidences, and we have removed them 
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from the analysis; in no case was the number of outliers removed 
significantly different from the expected number of random coinci- 
dences. 
Because the regression analysis is very sensitive to outliers, we 
have used a smalltime window for detection of simultaneous events 
in this analysis. The shape of the mini distribution, however, is less 
sensitive to the small number of random coincidences expected and 
more sensitive to sample size, so here we have expanded the time 
window for classification of minis as dinaptic to between 2 and 3 ms 
to increase the sample size. This procedure always resulted in the 
classification as dinaptic of many more events than expected at 
random. 
Cable Simulations 
The cell body and dendrite were modeled as 11 compartments, one 
of which was constrained to have dV/dt = 0 (the cell body), while the 
others had dV/dt dependent on the compartment capacitance, a term 
representing loss of current through membrane conductance, and a 
term representing the flow of axial current to adjacent compartments. 
The 10 simultaneous differential equations describing the responses 
in each dendritic compartment were solved by a fourth order Runge- 
Kutta routine implemented in Mathcad 5.0+ (MathSoft, Cambridge, 
MA). Several tests comparing the simulations with known analytical 
solutions were used to assess accuracy. These included the voltage 
time course in response to a step change in current occurring simulta- 
neously in each compartment and the steady-state voltage distribution 
of a short, terminated cable for current injection in the center of the 
cable (Jack et ah, 1975 [equation 4.10]). The values for compartmental 
size, unit area membrane conductance, and axial resistance were 
kept uniform throughout he dendritic compartments; the cell body 
compartment accounted for roughly half of the cell surface area but 
was otherwise identical to the dendritic compartments. The overall 
surface area of the simulated cells was 1336 ~m 2, giving a cell capaci- 
tance of 13 pF, which is in agreement with our measured values. 
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